Abstract: The reduction tests of pellet were carried out from room temperature to 1,373 K in the condition of traditional blast furnace (TBF) and oxygen blast furnace (OBF) by thermogravimeter measurement. The apparent activation energy E, pre-exponential factor A and the controlling steps of reaction were determined by the nonisothermal method of Coats-Redfern. In the condition of TBF, the reduction is controlled by solid diffusion to interfacial chemical reaction at initial stage, and gas diffusion at final stage. In the condition of OBF, the controlling step switched from solid diffusion to gas diffusion þ interfacial chemical reaction in the beginning and the interfacial chemical reaction at the late stage. Meanwhile, the transition temperature points of the controlling step were predicted. The transition temperatures are 750°C and 900°C in TBF and 630°C (earlier 120°C than in TBF) and 900°C (after the insulation) in OBF.
Introduction
In a large part, the productivity and the fuel consumption in blast furnace are mostly dependent on the reduction degree of ferrous burden in lump zone. Improving the reducing property of ferrous burden in the upper furnace can reduce the direct reduction degree, which can achieve energy-saving and cost-reducing. In traditional blast furnace (TBF), the direct reduction degree is almost close to the theoretical minimum value [1] . Meanwhile, the oxygen blast furnace (OBF) [2] , a new iron-making technology, has been confirmed by the feasibility of the industrial experiment in Japan [3] , Russia [4] and Sweden [5] . The direct reduction degree can be reduced to 0.10 [6] , which greatly decreases the fuel ratio. Therefore, it is necessary to study the kinetics of ferrous burden in lump zone in the condition of OBF.
The isothermal method [7, 8] has some shortcomings, such as zero time effect, cannot respond to the reduction process of burden and so on. With the continuous improvement of apparatus and the constant innovation of analysis method, the non-isothermal method [9] improved the above shortcomings. As a continuous approach, it can study the kinetic parameter in the whole reaction temperature and better reflect the reduction history. At present, many authors [10] [11] [12] have investigated the reduction kinetics in isothermal method, but few focus on that in non-isothermal method, especially in the atmosphere of OBF. In this study, the programming reduction of pellet was carried out by thermogravimeter measurement from room temperature to 1,373 K in the atmosphere of TBF and OBF. The reduction kinetic parameter, the controlling step and the transition temperature were determined by the non-isothermal Coats-Redfern equation.
Experimental Raw material
The samples used in this experiment are pellet purchased from Laiwu Steel Company, Ltd. The chemical composition and the analysis result of XRD (X-ray diffraction) are shown in Table 1 and Figure 1 . Pellet is composed of hematite and the complex compounds.
Experimental apparatus and conditions
The programming reduction experiments were carried out in a gas-solid reaction equipment with continuous measuring of weight change, as shown in Figure 2 . The maximum temperature of the reaction furnace is 1,373 K. The precision of temperature controller is 1 K min −1 . The electronic balance connected with computer collects the weight change per 1 min. The granular size of ferrous burden is 10-12.5 mm, and the mass of sample is 500 g.
The sample was dried for 3 h in 120°C, and then was tiled in the bottom of furnace. Figure 3 shows the temperature system and the gas composition variation in different zone. First, the flow rate is 5 L/min high purity N 2 before 200°C. Second, the gas flow was switched to 15 L/min mixed reduction gas. The gas composition variation occurs at 750°C, 900°C and after the 900°C insulation. Third, when the temperature arrived at 1,100°C, the power was cut off. The mixed reduction gas was switched to 5 L/min highpurity N 2 to protect the samples from reoxidation.
Data calculation
According to the composition of pellet, the total theoretical mass loss is constant when pellet was reduced completely. The conversion rate α [13] [14] [15] is the ratio of mass loss after t min and the total theoretical mass loss. The calculation is as follows:
In eq. (1), α stands for the conversion rate; m 0 is the initial sample weight, g; m t is the sample mass after t min, g; m e represents the theoretical oxygen loss, g. By the Coats-Redfern method, the apparent activation energy and the pre-exponential factor were determined. The formula is as follows [9] :
In eq. (2), f(α) is a function that represents the reaction model; R is gas constant, 8.314 J mol
; β is the heating rate, K min −1 ; E represents the apparent activation energy, J mol
; A represents the pre-exponential factor, s −1 ; T is the temperature, K.
In general, the apparent activation energy is about thousands of Joule or dozens of kilojoules. The item in eq. (2) 
Results and discussion
Results of tests higher than that in TBF. Meanwhile, the final conversion rate is 0.993 and 0.828 in TBF and OBF. When the pellet was reduced to Fe 3 O 4 , the theoretical conversion rate (from eq. (1)) is 0.215. When the pellet was reduced to FeO, the theoretical conversion rate is 0.323.
From thermodynamic analysis, iron oxide reduction is carried out according to a certain order. The key and hardest reaction is the reduction of FeO. With reference to previous work [16] [17] [18] , the reduction of pellet can be considered as the apparent first-order reaction. So the reaction function f(α) is equal to 1-α. According to the basic eq. (2), the formula of Coats-Redfern is as follows:
Defining FðαÞ¼ ln À lnð1ÀαÞ T 2 , put the conversion rate and the corresponding temperature into eq. (3). Then make the line of FðαÞ- 
Kinetic calculation in the condition of TBF
From Figure 4 , the reaction starting temperature of pellet is 637°C in the condition of TBF. So the temperature range in the calculation is 637-1,100°C. The result of non-isothermal kinetic calculation is shown in Figure 5 at 637-1,100°C.
In Figure 5 , it is obvious to find that the curve is not straight, but three stages. The first stage (1) is the range of 637-900°C at the rate of 9°C·min . The kinetic parameter at three stages will be calculated as follows. 
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The reduction in (1) and (3) stages were carried out at constant heating rate. Using the method of Coats-Redfern, the results of calculation curve and fitting straight line were shown in Figure 6 in TBF. From Figure 6 (1), the fitting situation is bad and it is obvious to be divided into two straight lines. This is estimated to be due to the fact that the reduction potential at 750°C was greatly improved from Figure 3 . So the first stage can be divided into two stages:
637-750°C (a) and 750-900°C (b). Then calculate and fit the two stages, respectively. The results are shown in Figure 7 .
The relevant parameters in calculation curves and fitting straight lines at different stages are shown in Table 2 . From Table 2 Corresponding relationships [19] between the values of apparent activation energy and the rate controlling steps of the reaction are shown in Table 3 [11] . According to the results of Table 3 , the data in Table 2 were analyzed as follows. At the initial reaction stage, the apparent activation energy E is 168.243 kJ mol −1 > 90 kJ mol
. The controlling step is solid diffusion. This is due to the fact that the reaction was carried out in the outermost shell. The gas diffusion and interfacial reaction will not be the controlling step, but the diffusion of oxygen ions in solid iron oxide controls the reaction. Because of the increasing of temperature and reduction potential at 750-900°C, the apparent activation energy is only 50.554 kJ mol −1 . At this range the reaction controlling step is interfacial reaction. As the reaction proceeds, the thicker the layer of production is, the greater the resistance of gas diffusion is. But the higher the temperature is, the smaller the resistance of interfacial reaction. Finally the resistance of gas diffusion exceeds that of interfacial reaction. The apparent activation energy reduced to 27.195 kJ mol −1 at 900-1,100°C.
At the 900°C insulation zone for 30 min, the controlling step was determined according to the unreacted core model. Make the line 1 À 1 À α ð Þ 1 3 versus t and 1 À 3
The results are shown in Figure 8 . Based on the fitting situation, the controlling step in insulation stage is gas diffusion and interfacial reaction.
Within the entire temperature range, the transition temperature points of the controlling step are 750°C and 900°C. Below 754°C, the controlling step is solid diffusion. Between 754°C and 900°C, it is interfacial reaction.
In the insulation zone, it is the mixed control of interfacial reaction and gas diffusion; since then it is gas diffusion.
Kinetic calculation in the condition of OBF
From Figure 4 , the reaction starting temperature of pellet is 487°C in the condition of OBF. So the temperature range is 487-1,100°C in the calculation. The result of non-isothermal kinetic calculation at 487-1,100°C is shown in Figure 9 .
From Figure 9 , it is similar to that in TBF. The three stages are (1) 487-900°C at the rate of 9°C·min −1 , (2) the 900°C insulation zone and (3) 900-1,100°C at the rate of 5°C min −1 , respectively. The results of calculation curve and fitting straight line at (1) and (3) stages in OBF were shown in Figure 10 . There is one temperature point at 750°C in stage (1) as in TBF. However, below 750°C the reduction potential is higher than that in TBF. The reduction starting temperature is lower, which led to the different slope curves. So the first stage can be divided into three stages: 487-630°C (a), 630-754°C (b) and 754-900°C (c). Then calculate and fit the two stages, respectively. The results are shown in Figure 11 . The relevant parameters in calculation curves and fitting straight lines in OBF at different stages are shown in Table 3 , the data in Table 4 were analyzed as follow. At the initial reaction stage, the apparent activation energy is 116.652 kJ mol −1 > 90 kJ mol −1 . It is similar to that in TBF and the controlling step is solid diffusion. When the reaction proceeds and the temperature increases, the apparent activation energy decreases to 34.090and 43.907 kJ mol −1 . This shows that, compared with that in TBF, the activated molecule increases and the reaction is easier. It is the mixed controlling step of gas diffusion and interfacial reaction. The reason for the different controlling step with that in TBF is that, with the increase of reduction potential, the reaction is promoted. The resistance of interfacial chemical reaction decreases and the resistance of gas diffusion increases. So the controlling step changes from interfacial reaction to mixed controlling. However, the apparent activation energy increases to 64.778 kJ mol −1 at 900-1,100°C. The controlling step is interfacial reaction. This is estimated to be due to the fact that the H 2 and CO content in OBF are higher than that in TBF. The literature [20] has noted that the apparent rate constants were determined to be 33, 8.6 and 15 for the reduction of wustite with H 2 , CO and H 2 -CO mixture, respectively. The gas diffusion is easier in OBF. Meanwhile, the conversion rate reached to 0.795 after 900°C insulation stage. It indicates that iron oxide has been reduced to wustite and has certain metallic iron. The residual iron oxides in the form of complex compounds as in Figure 1 are relatively difficult to reduce. So the overall controlling step at this stage is interfacial reaction. At the 900°C insulation stage for 30 min in OBF, the controlling step was determined according to the unreacted core model. Make the line 1
The results are shown in Figure 12 . Based on the fitting situation, the controlling step in insulation stage is interfacial reaction and gas diffusion.
Within the entire temperature range, the transition temperature points of the controlling step are 630°C and after 900°Cinsulation. Below 630°C, the controlling step is solid diffusion; between 630°C and the 900°C insulation zone, it is the mixed control of interfacial reaction and gas diffusion; from 900°C to 1,100°C, it is interfacial reaction.
Conclusions
(1) In the condition of TBF, by using the method of CoatsRedfern, the non-isothermal reduction pellet was studied. The variation of apparent activation energy is 168.243 kJ mol . Because of the increasing of reaction potential, the activation energy at the initial stage is lower than that in TBF. However, it is higher at the late stage due to the big rise of reduction degree. The corresponding controlling steps are solid diffusion→gas diffusion þ interfacial reaction→interfacial reaction. The transition temperature of the controlling step in OBF is 630°C (earlier 120°C than in TBF) and after the 900°C insulation. Based on the result of dynamics, pellet in lump zone can be reduced earlier in OBF and bring down the direct reduction degree, which is benefit for the carbon saving.
